may also contribute to this. The inset of Figure 1A shows two peaks at 400 and 404 eV with an intensity ratio of 2:1, similar to what is seen for azide groups on gold 18 and graphitic 19 surfaces. No sodium signal was observed from the azide-modified surfaces. The corresponding IR spectra (referenced to SiO 2 -/Si(111)) are shown in Figure 1B . The observation of C-H vibrations in all spectra is due to either adventitiously adsorbed carbon or partial surface methoxylation. The disappearance of the Si-H stretch mode (2082 cm -1 ) upon chlorination was expected. 20 The most striking feature is the appearance of a unique azide symmetric stretching mode at 2168 cm -1 , which is blue-shifted by ca. 122 and 63 cm -1 with respect to either azides in solution (see SI) or organic azides 18, 21 with nitrogen bonded to a carbon atom, respectively. These large frequency shifts suggested the formation of a covalent Si-N bond. The azide symmetric stretch at ∼2170 cm -1 observed for silyl azide (SiH 3 N 3 ) 22, 23 supports this assignment.
By taking the ratio of the normalized, integrated band intensities of N1s and Si2p peaks, the coverage of azide on Si(111) was obtained (calculated 24 assuming that 100% coverage means every atop silicon site is capped by an azide group) and plotted as a function of reaction time in Figure 2A (circles). For HMPA solvent, the azide coverage reaches ∼55%, with a fast, pseudo-first-order rate constant of 0.037 s . This may be due to the extremely strong solvation ability of cations by HMPA. The corresponding reaction in MeOH was much slower, taking 2-3 h to reach a lower level of azide coverage (∼25%).
We also utilized XPS to monitor the stability of the N 3 -/Si(111) surface in air (relative humidity: 60%). These data are plotted to show the time-dependent growth of equivalent surface monolayers of SiO 2 15 and are presented in Figure 2B . Raw data are in the SI. The N 3 -/Si(111) surfaces are stable in air relative to chlorinated Si(111), but a full equivalent monolayer of SiO 2 does grow after a 2 week exposure to air. The rapid initial oxidation observed for Cl-/Si(111) was absent for N 3 -/Si(111), possibly because the most reactive Cl-sites had been replaced with azide. The N 3 -/Si(111) surface is unstable relative to the H 3 C-/Si(111) and H 3 C-CH 2 -/ Si(111) surfaces, both of which exhibit higher % coverages and long-term stability in air.
3b,c
The morphologies of the azidated surfaces were studied by STM. Figure 3C displays a constant-current image from N 3 -/Si(111) with low azide coverage (∼25%), where atoms (of unknown type) are resolved. In the large scan-area image (see SI for the STM topography image), both step edges and etch pits were observed, similar to that observed from Cl-Si, 25 indicating no significant morphology changes upon azidation. Current Imaging Tunneling Spectroscopy (CITS) data were collected (at -1.0 V and 77 K) in an effort to identify the surface species ( Figure 3A) , including step and etch pit edges (red), terrace sites (light blue), and regions of high conductivity (green). Three distinct regions (color coded on Figure 3A and B) were found in terms of yielding distinct I-V tunneling curves, suggesting areas with different chemical origins. The terrace sites (light blue encircled regions) showed a band gap of ∼1.5 V, which is close to that (1.6 V) observed for H-/Si(111), 25 while step and etch pit edges (red) exhibit a gap value of ∼0.8 V. The high conductance regions (green) appear similar to that of Cl-/ Si(111), namely, nonzero slope or nonzero density of states at zero bias. 25 We thus tentatively assign the red-encircled regions as azidecovered (see the drawing of Figure 3D ). Upon higher coverage of azide (55%), the three distinct classes of I-V traces are still observed but are more evenly distributed over the surface (see SI).
Methods to covalently attach the azide functionality to Si(111) have been developed and shown to yield different azidation kinetic rates, different final azide coverages, and different surface-area distributions, depending upon the azidation solvent. Similar to the previously reported HCtC-/Si(111) surface, the N 3 -/Si(111) surface should be useful for secondary functionalization through the Cu(I)-catalyzed Huisgen 1,3-dipolar cycloaddition ("click" chemistry). 26 Alternatively, reduction of the N 3 -/Si(111) surface using the Staudinger reduction method 27 should produce an amine-terminated surface for the coupling of carboxylic acid molecules. Such chemistry is currently under investigation. 
